Introduction
============

The aim of allergen-specific immunotherapy (SIT) is to induce desensitization (i.e. reduced immune reactivity) or even definitive absence of reactivity (tolerance) to the concerned allergen. This is mediated by the generation of allergen non-responsive or allergen-tolerant T cells [@b1], as manifested by decreased IgE and increased IgG4 levels. SIT was shown to induce T cell tolerance (i.e. reduced allergen-specific response of PBMCs), to favour immune deviation from Th2 to Th1 responses [@b2],[@b3] and to increase the number of regulatory T cells (Tregs) [@b4]-[@b6]. The latter could be pivotal in the physiological immune response to allergens [@b7], and the increase in Tregs was recently suggested for the monitoring or as a prognosis biomarker for the clinical response to sublingual immunotherapy (SLIT) [@b8].

Encouraging results on epicutaneous immunotherapy (EPIT) have been reported in the treatment for various allergies. Using a specific epicutaneous delivery system (EDS) (Viaskin®, DBV-Technologies, Paris, France), Dupont et al. delivered allergen to treat children with severe allergy to cow\'s milk [@b9]. Application of this EDS on intact skin enhances the skin hydration and results in allergen diffusion through the superficial layers of the skin. This is followed by an uptake of the allergen by skin dendritic cells, without free passage through the skin/dermis [@b10]. The EDS has been proposed for the treatment of food allergy.

Preclinical data in peanut-sensitized mice in a model of allergic gut inflammation demonstrated that Viaskin® allows desensitization and protection during subsequent peanut oral exposure [@b11]--[@b13]. This study also showed that protection against oesophagus injuries was associated with increased Foxp3 mRNA expression in the oesophageal mucosa. In ovalbumin-sensitized mice, EPIT induced a significant increase in peripheral CD4^+^CD25^+^Foxp3^+^ T cell levels [@b10].

Clinical trials and experimental models both showed that specific immunotherapy induces IL-10^+^ regulatory T cells [@b4],[@b14],[@b15]. EPIT increases local and systemic Foxp3^+^ Tregs [@b10],[@b11] and actually proved beneficial on the different routes of allergen exposure: bronchial hyperresponsiveness [@b12], eosinophils recruitment in skin [@b10] or peanut-induced gut inflammation [@b11]. Therefore, the induction of Tregs by EPIT may establish a global tolerance. Previous studies showed an association between SIT and the induction of Tregs (for review see [@b16]), but the precise role of Tregs in SIT is imprecise.

CD4^+^ Tregs consist of either naturally occurring Tregs (nTregs) or inducible Tregs (iTregs) (for review see [@b17] and [@b18]). Among iTregs, different subsets have been described and differ in the way they can suppress the immune response. These include IL-10-producing Tr1 cells (Tr1), TGF-β-inducing Th3 cells and CD4^+^CD25^+^Foxp3^+^ Tregs (Foxp3^+^), which have been implicated in the regulation of allergies [@b19]. Subcutaneous immunotherapy (SCIT), as well as SLIT, induces a transient increase in Tr-1 followed by an immune deviation towards the Th1 response [@b4],[@b14],[@b15]. Foxp3 is critical for the stability of Tregs [@b20] and allows CD4^+^CD25^+^Foxp3^+^ Tregs to persist potentially for a longer period of time. EPIT-induced IL-10^+^ Tr1 and Foxp3^+^ Tregs both could play a major role in the long-term maintenance of these cells and therefore in the induction of tolerance.

Here, we show that depleting Tregs using an anti-CD25 antibody erased the beneficial effect of EPIT and that the protection offered by EPIT-induced Tregs could be transferred to untreated sensitized mice. This clearly suggests a pivotal role for these cells in the acquisition of tolerance. Moreover, EPIT induced both effector and naïve Foxp3^+^ Tregs, but not IL-10^+^ Tr1 cells. The suppressive activity of EPIT-induced Tregs is thus IL-10 independent and partially acts through CTLA-4. Finally, Tregs maintained a suppressive activity long after the end of EPIT, which confirms that EPIT can be a powerful treatment for food allergies.

Methods
=======

Animals
-------

Three-week-old female BALB/c mice, C57BL/6 (Charles Rivers, Lyon, France), and Foxp3-IRES-mRFP mice (C57BL/6J-Foxp3^tm1flv^, Genoway, Lyon, France) were purchased and housed under standard animal husbandry conditions. All experiments were performed according to the European Community rules on animal care, with permission 92--305 from the French Veterinary Services.

Study design
------------

The first study ([Fig. 1](#fig01){ref-type="fig"}a) was conducted in BALB/c mice and comprised three phases: sensitization, EPIT and sustained oral ingestion of peanut. A naïve group (*n* = 8) remained unsensitized and untreated. Sensitization was performed as previously described [@b11] using six intragastric gavages once a week during 6 weeks with 200 μL with 1mg of peanut proteins extract (PPE) (Greer laboratories, Lenoir, NE, USA) mixed with 10 μg cholera toxin (CT -- Servibio, USA). Following sensitization, and before oral exposure to the allergen, mice were allocated to five different treatment groups: (1) the EPIT group (*n* = 8) received active EPIT during 8 weeks; (2) the EPIT + αCD25 group (*n* = 8) received active EPIT and intraperitoneal injection with 100 μg anti-mouse CD25 antibody (Clone: PC61.5, eBioscience, France) 24 h before each application of the EDS; (3) the EPIT + isotype group (*n* = 8) received active EPIT and intraperitoneal injection with 100 μg isotype control antibody (eBioscience) 24 h before each application of the EDS; (4) the Sham group (*n* = 8) received placebo treatment; and (5) the Sham + αCD25 group (*n* = 8) received placebo treatment and intraperitoneal injection of 100 μg anti-mouse CD25 antibody at the same time as the EPIT + αCD25 group. Following treatment, animals were orally exposed to a 10-day sustained oral exposure to peanuts, leading to eosinophilic infiltration in the oesophagus as previously described [@b11]. Eight (8) naïve (control) mice were also challenged upon the same procedure. The day after the last challenge, mice were killed for organ recovery.

![Study design of experiments. (a) BALB/c mice were sensitized to peanut proteins. Then, mice were treated by active EPIT, EPIT + αCD25, EPIT + isotype control antibody, αCD25 alone (Sham + αCD25) or placebo (Sham) during 8 weeks. Naïve mice remained unsensitized and untreated. Following treatment, animals were submitted to a 10-day sustained oral exposure to peanuts. The day after the last challenge, mice were killed for organ recovery. (b) BALB/c mice were sensitized and treated as described above (donor mice). After 8 weeks of treatment, donor mice were killed, and the CD4^+^CD25^+^ or CD4^+^CD25^−^ T cells were sorted from spleen cells of each group and transferred into peanut-sensitized non-treated mice. Three days after the transfer, mice were submitted to a 10-day sustained oral exposure to peanuts using the same protocol. (c) BALB/c mice were sensitized and treated as described above (EPIT, Sham, naïve). After treatment, the PPE-specific cytokine response of splenocytes in the presence of blocking antibodies and the Tregs phenotype in spleen were analysed. (d) BALB/c mice were sensitized and treated as described above (donor mice: EPIT *n* = 40). After treatment (*n* = 20) or 8 weeks after the end of treatment (*n* = 20), donor mice were killed, and the CD4^+^CD25^+^ T cells were sorted from spleen cells and transferred into peanut-sensitized non-treated mice. Three days after the transfer, mice were submitted to a 10-day sustained oral exposure to peanuts using the same protocol. (e) C57BL/6 mice were sensitized and treated as described above (donor mice: EPIT *n* = 20). After 8 weeks of treatment, donor mice were killed, and the CD4^+^CD25^+^ T cells were sorted from spleen cells and transferred into peanut-sensitized non-treated Foxp3-IRES-mRFP mice (*n* = 8). Two weeks after the transfer, the PPE-specific cytokine response of splenocytes and expression of mRFP were compared to that of non-transferred mice (*n* = 8). EPIT or Sham-treated C57BL/6 mice, as well as naïve mice, were used as a control of EPIT efficacy in WT mice.](cea0044-0867-f1){#fig01}

In a second study ([Fig. 2](#fig02){ref-type="fig"}b), BALB/c donor mice were sensitized and treated as above described (EPIT *n* = 20, Sham *n* = 20). Donor mice were killed after 8 weeks of treatment. The CD4^+^CD25^+^ or CD4^+^CD25^−^ T cells were sorted from spleen cells of each group and transferred into peanut-sensitized non-treated mice. Four groups (*n* = 8) were adoptively transferred: two groups received CD4^+^CD25^+^ T cells, respectively, from EPIT and Sham, and two groups received CD4^+^CD25^−^ T cells, respectively, from EPIT and Sham. Three days after the transfer, mice were submitted to a 10-day sustained oral exposure to peanuts using the same protocol as described in Study 1.

![EPIT-induced desensitization was blocked by anti-CD25 antibodies. (a) Quantity of peanut-specific IgE (left panel) and IgG2a for each group after sensitization, before EPIT (d42) and after the treatment period (d104). (b) Measurement of IL-5 and IFN-γ secretion by splenocytes collected from each group of mice immediately after killing. Splenocytes were stimulated with peanut for 72 h. Cytokines were measured using Bioplex. (c) Proportion of Tregs in the spleen of mice from each group. Sham: peanut-sensitized untreated mice; EPIT: peanut-sensitized mice treated by EPIT; EPIT + αCD25: peanut-sensitized mice treated by EPIT and anti-CD25 antibody. Data are shown as means ± SEM of three independent experiments for each group of mice (*n* = 8 in each group). \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001.](cea0044-0867-f2){#fig02}

To characterize the phenotype and mechanism of action of EPIT-induced Tregs, 24 BALB/c mice were sensitized and treated as above described (EPIT *n* = 8, Sham *n* = 8, naïve *n* = 8). After the treatment, the PPE-specific cytokine response of splenocytes in the presence of blocking antibodies and the Tregs phenotype in spleen were analysed ([Fig. 1](#fig01){ref-type="fig"}c).

To investigate the maintenance of protective Tregs, BALB/c mice were sensitized and treated as above described (donor mice: EPIT *n* = 40). Donor mice were killed after the treatment (*n* = 20) or 8 weeks after the end of the treatment (*n* = 20). CD4^+^CD25^+^ T cells were sorted from spleen cells and transferred into peanut-sensitized non-treated mice. Three days after the transfer, mice underwent a 10-day sustained oral exposure to peanuts using the same protocol as in Study 1 ([Fig. 1](#fig01){ref-type="fig"}d).

To analyse the possible induction of host Tregs by the transfer of EPIT-induced Tregs, C57BL/6 mice were sensitized and treated as above described (donor mice: EPIT *n* = 20). Donor mice were killed after 8 weeks of treatment. The CD4^+^CD25^+^ T cells were sorted from spleen cells and transferred into peanut-sensitized non-treated Foxp3-IRES-mRFP mice (*n* = 8). Two weeks after the transfer, the PPE-specific cytokine response of splenocytes and the expression of mRFP were compared with non-transferred mice (*n* = 8). EPIT- or Sham-treated C57BL/6 mice, as well as naïve mice, were used as control of EPIT efficacy in wild-type (WT) mice ([Fig. 1](#fig01){ref-type="fig"}e).

All experiments were reproduced two or three times with similar results.

Epicutaneous immunotherapy and antibody treatment
-------------------------------------------------

Epicutaneous immunotherapy was performed using a patented epicutaneous delivery system (EDS), Viaskin® (DBV Technologies, Paris, France) [@b12]. The EDS loaded with 100 μg of peanut protein was applied for 48 h once a week onto the back of mice, which hair had been previously removed. Skin preparation and EDS application were all performed under general anaesthesia using ketamine (Imalgen1000, Merial) (100 mg/kg body weight) and xylazine (Rompun®, Bayer) (10 mg/kg body weight).

Cell sorting and adoptive transfer
----------------------------------

Spleens were teased into a single-cell suspension and washed in 10% heat-inactivated FCS in RPMI. After red blood cell lysis, splenocytes were washed three times in RPMI-1640 (Gibco, France). CD4^+^ T cells were enriched by depletion, and CD4^+^CD25^+^ and CD4^+^CD25^−^ T cells were then sorted using CD4^+^CD25^+^ Regulatory T Cell Isolation Kit (Miltenyi Biotec), according to the manufacturer\'s instructions. Cells were counted and adjusted to inject 5.10^5^ cells in 100 μL of PBS intravenously in tail vein of mice. Sorting purity was checked by flow cytometry and was over 90%.

Histological analysis of the oesophagus
---------------------------------------

Oesophagi were fixed in 4% neutral buffered formalin, embedded in paraffin wax, transversally cut into 5-μm-thick sections, fixed to positive charge slides and stained using a routine haematoxylin--eosin--safranin staining method (HES).

Three sections of oesophagus were analysed by blind reading. Image analysis was performed on oesophagus sections using a digital camera (Leïca DFC 420C, Nanterre, France) combined with image analysis software (Leïca LAS Software). Six high-powered fields were randomly selected around the oesophageal lumen, and eosinophil counts expressed in number of eosinophils/mm^2^.

Real-time PCR
-------------

Total RNA from oesophagus segments was extracted using the RNeasy Mini Kit (Qiagen, Courtaboeuf, France) according to the manufacturer\'s instructions. The concentration of RNA was determined, and complementary DNA (cDNA) was synthesized using 500 ng RNA through a reverse transcription reaction (SuperScript II RNase H reverse transcription reagents, Invitrogen, Cergy-Pontoise, France). Real-time PCR quantitative mRNA analyses were performed as previously described [@b11]. The results were demonstrated as mRNA expression. Calculations to determine the relative level of gene expression were made by reference to the β-actin and SDHA in each sample, using the ΔCq method, and the results were depicted as arbitrary units. Negative controls without RNA and without retrotranscriptase were also performed.

Blood-specific IgE and IgG2a
----------------------------

Blood was collected from the retro-orbital venous plexus after sensitization (day 42) and after 8 weeks of EPIT (day 104) under isoflurane (Isoflurane Belamont, Nicholas Piramal, India). Specific antibodies were quantified using a quantitative ELISA developed in-house according to the 2001 FDA guidelines, as already published [@b12]. Briefly, plasma samples were incubated into microtitre plates coated with peanut protein extract. The presence of specific IgE (sIgE) and specific IgG2a (sIgG2a) was detected by the addition of an anti-mouse IgE or IgG2a antibody labelled with phosphatase alkaline (Serotec, Oxford, England). Reagent (pNPP -- Sigma, France) was used as an enzyme substrate, and optical density was measured at 405 nm.

Cytokine production
-------------------

After treatment, spleens were teased into a single-cell suspension and washed three times in RPMI-1640 (Gibco, France). Cells were counted, and 2 × 10^6^ cells were incubated in a 24-well microtitre plate (Nunc) in 1 mL of medium alone or medium with peanut protein (100 μg/mL). In some experiments, mouse-specific anti-IL-10 or anti-CTLA-4 blocking antibodies (4 μg/mL) were added to the culture to assess the respective contribution of these pathways on the suppression of allergen-specific responses. Supernatants were harvested after 72 h and analysed for the presence of cytokines (IL-5, IL-13, IL-10 and IFN-γ) using the Bio-Plex® system (Bio-Rad, Marnes-la-Coquette, France) according to the manufacturer\'s instructions. In some experiments, cells were harvested after culture, and expression of CD86 on dendritic cells was analysed by flow cytometry.

Regulatory T cell measurement
-----------------------------

For Tregs analysis, spleen cells were stained with different combination of the following antibodies: anti-mouse CD4-PerCP-Cy5.5, CD25-FITC, IL10-PE, CD62L-APC, CD44-APC-Cy7 (all from BD Biosciences, Le Pont de Claix, France), CTLA-4-PE, PD-1-efluo450, Foxp3-PE and Foxp3-APC (from e-Bioscience) or control isotype. Intracellular staining with anti-IL-10 and anti-Foxp3 antibodies was performed after fixation and permeabilization, using the cytofix/cytoperm (BD Bioscience, Le Pont de Claix, France) and Foxp3 Fixation/Permeabilization kits (eBioscience), respectively. Flow cytometry was performed on Canto II and analysed using FlowJo software (TreeStar, Inc. Ashland, OR, USA). For analysis of Tregs, cells were gated on lymphocytes using FCS/SSC, and the percentages of CD4^+^CD25^+^Foxp3^+^ or CD4^+^CD25^+^IL-10^+^ cells were measured. Proportion of CD44hi/CD62L^−^, CD44lo/CD62L^+^, CTLA-4^+^ and PD1^+^ cells was analysed in CD4^+^CD25^+^Foxp3^+^ cells.

Statistical analysis
--------------------

The GraphPad Prism Software 5.0 (San Diego, CA, USA) was used for statistical analysis. Results are expressed as mean ± standard deviation (SD) of three independent experiments. For histological analyses, antibodies levels, mRNA expression and cytokine responses, statistical significance comparing different sets of mice was determined using the Mann--Whitney U-test.

Results
=======

Inhibition of EPIT by anti-CD25 antibody at systemic level
----------------------------------------------------------

As already described in this model [@b11], a slight decrease in sIgE was observed in Sham-treated mice over the 8-week period of time. However, following EPIT, this decrease was significantly higher (*P* \< 0.001 vs. Sham) ([Fig. 2](#fig02){ref-type="fig"}a) and was accompanied by increased peanut-sIgG2a (*P* \< 0.001 vs. Sham). After EPIT, peanut-specific IL-5 production by splenocytes decreased significantly as compared with Sham (1.07 ± 0.23 vs. 2.95 ± 0.65 μg/mL, respectively, *P* \< 0.05). IFN-γ production did not vary ([Fig. 2](#fig02){ref-type="fig"}b). As compared with Sham, EPIT significantly increased the proportion of CD4^+^CD25^+^Foxp3^+^ T cells in the spleen of peanut-sensitized mice (9.72 ± 0.63 vs. 6.78 ± 1.06%, respectively, *P* \< 0.05) ([Fig. 1](#fig01){ref-type="fig"}c). In mice receiving intraperitoneal anti-CD25 antibody injections during EPIT (i.e. 24 h prior to any application of the EDS), the level of sIgE and sIgG2a ([Fig. 2](#fig02){ref-type="fig"}a) and the level of the Th2 cytokines ([Fig. 2](#fig02){ref-type="fig"}b) were not influenced by the treatment, as compared with EPIT alone. In addition, the proportion of CD4^+^CD25^+^Foxp3^+^ spleen cells was lowered (5.21 ± 0.41 vs. 9.72 ± 0.63%, respectively, *P* \< 0.05) ([Fig. 2](#fig02){ref-type="fig"}c). Sham mice treated with anti-CD25 antibodies and EPIT mice treated with isotype control did not differ from Sham or EPIT alone, respectively ([Fig. 2](#fig02){ref-type="fig"}).

Inhibition of EPIT in the oesophageal mucosa by anti-CD25 antibodies
--------------------------------------------------------------------

The inflammation of the oesophageal mucosa induced by oral peanut diet was lower in EPIT-treated mice, as compared with Sham. This was evidenced by lower eosinophilic infiltration (11.3 ± 4.2 vs. 36.4 ± 5.6 eosinophils/mm^2^, respectively, *P* \< 0.05) ([Fig. 3](#fig03){ref-type="fig"}a and b), and lower expression of eotaxin (*P* \< 0.05) and IL-5 (*P* = 0.061) mRNAs. Both reached levels similar to those of naïve mice ([Fig. 3](#fig03){ref-type="fig"}c and d). Expression of Foxp3 mRNA in the oesophageal mucosa was higher in EPIT than in Sham mice (*P* \< 0.05) ([Fig. 3](#fig03){ref-type="fig"}E), suggesting a role for Tregs. In mice treated with anti-CD25 antibodies, the oesophageal inflammation induced by peanut diet was not prevented by EPIT, leading to oesophageal eosinophil counts significantly higher than with EPIT alone (38.9 ± 7.1 vs. 11.3 ± 4.2 eosinophils/mm^2^, respectively, *P* \< 0.05) ([Fig. 3](#fig03){ref-type="fig"}a and b). The expression of eotaxin in the oesophagus was increased (*P* \< 0.05) and, albeit not statistically significant, IL-5 expression reached a level similar to that of Sham mice ([Fig. 3](#fig03){ref-type="fig"}c and d). The blockage of CD25 also inhibited the induction of Foxp3 in the oesophagus of EPIT-treated mice (*P* \< 0.05). The level of Foxp3 in EPIT + anti-CD25 mice was similar to that of Sham mice ([Fig. 3](#fig03){ref-type="fig"}e). Anti-CD25 did not modify the oesophageal eosinophil infiltration in Sham mice, and isotype control injection did not show any modification of EPIT efficacy ([Fig. 3](#fig03){ref-type="fig"}).

![EPIT modulated oesophagus immunity in mice orally exposed to peanut. (a) Mice were exposed to oral peanut for 10 days, and oesophagi were harvested. Formalin-fixed, paraffin-embedded tissue sections were stained with haematoxylin--eosin--safranine. Representative histology picture of oesophagus for naïve, Sham, EPIT and EPIT + αCD25 mice are shown. (b) Measurements of eosinophils infiltration in oesophagus were realized by double-blind reading at a 40-high-powered field. Results are expressed as mean number of eosinophils per mm^2 ^± SEM for each group of mice. (c--e) mRNAs were quantified by real-time PCR in oesophagus segments collected 24 h after the end of oral challenge. Results are presented as mean mRNA expression ± SEM of three independent experiments for each group of mice. The relative levels of IL-5 (c), eotaxin (d) and Foxp3 (e) expression were calculated by reference to the SDHA and the β-actin in each sample. Sham: peanut-sensitized untreated mice; EPIT: peanut-sensitized mice treated by EPIT; EPIT + αCD25: peanut-sensitized mice treated by EPIT and anti-CD25 antibody. \**P* \< 0.05, \*\**P* \< 0.01.](cea0044-0867-f3){#fig03}

The effect of EPIT on oesophagus inflammation resides in CD4^+^CD25^+^ T cells
------------------------------------------------------------------------------

In mice sensitized to peanut, the transfer of either CD4^+^CD25^+^ or CD4^+^CD25^−^ T cells from the Sham group did not influence the oesophageal eosinophil infiltration after peanut diet (72.1 ± 22 and 94.9 ± 28.6 eosinophils/mm^2^, respectively), as compared with non-transferred sensitized mice (69.4 ± 19.0). By contrast, the transfer of CD4^+^CD25^+^ T cells from the EPIT group to peanut-sensitized mice strongly influenced the oesophagus inflammation consecutive to oral peanut exposure and prevented eosinophilic infiltration in the oesophagus (12.2 ± 4.1 eosinophils/mm^2^), as compared with non-transferred sensitized mice (*P* \< 0.01) ([Fig. 4](#fig04){ref-type="fig"}a). CD4^+^CD25^−^ T cells transferred from the EPIT group did not influence the response to the peanut diet.

![Modulation of the oesophagus immunity by cell transfer into mice orally exposed to peanut. (a) Mice were sensitized and transferred with either CD4^+^CD25^+^ or CD4^+^CD25^−^ T cells from either EPIT- or Sham-treated mice and were compared with non-transferred sensitized mice. Three days after transfer, mice were exposed to oral peanut for 10 days and oesophagi were harvested. Formalin-fixed, paraffin-embedded tissue sections were stained with haematoxylin--eosin--safranine, and measurements of eosinophils infiltration in oesophagus were realized by double-blind reading at a 40-high-powered field. Results are expressed as mean number of eosinophils per mm^2 ^± SEM for each group of mice (*n* = 8 in each group). (b--d) mRNAs were quantified by real-time PCR in oesophagus segments collected 24 h after the end of oral challenge. Results are demonstrated as mean mRNA expression ± SEM of two independent experiments for each group of mice. The relative levels of IL-5 (b), eotaxin (c) and Foxp3 (d) expression were calculated by reference to the SDHA and the β-actin in each sample. \**P* \< 0.05, \*\**P* \< 0.01.](cea0044-0867-f4){#fig04}

As compared with non-transferred sensitized mice, IL-5 and eotaxin mRNA expressions in the oesophagus were significantly lower in sensitized mice transferred with CD4^+^CD25^+^ T cells from EPIT mice (*P* \< 0.05), but not in mice transferred with CD4^+^CD25^+^ T cells or CD4^+^CD25^−^ T cells from Sham mice, or with CD4^+^CD25^−^ T cells from EPIT mice ([Fig. 4](#fig04){ref-type="fig"}b and c).

The transfer of CD4^+^CD25^+^ T cells from EPIT mice resulted in a significant induction of Foxp3 in the oesophagus after oral peanut exposure, as compared with non-transferred mice (*P* \< 0.05). Likewise, oral peanut exposure did not induce any Foxp3 expression in mice that received CD4^+^CD25^−^ T cells from EPIT or whatever cells from Sham ([Fig. 4](#fig04){ref-type="fig"}d).

Phenotypic and functional characterization of EPIT-induced Tregs
----------------------------------------------------------------

Epicutaneous immunotherapy increased CD4^+^CD25^+^Foxp3^+^ cells but not CD4^+^CD25^+^IL-10^+^ cells, as compared with Sham or naïve mice (*P* \< 0.01) ([Fig. 5](#fig05){ref-type="fig"}a). Following EPIT, both naïve (CD44lo/CD62L^+^) and effector (CD44hi/CD62^−^) Foxp3 Tregs increased significantly, as compared with Sham and naïve mice (*P* \< 0.001) ([Fig. 5](#fig05){ref-type="fig"}b). EPIT was also associated with a significant increase in both induced (CD304^−^) and natural (CD304^+^) Tregs, as compared with Sham and naïve mice (*P* \< 0.01) ([Fig. 5](#fig05){ref-type="fig"}c). As compared with Sham and naïve mice, EPIT did not modify the proportion of Foxp3^+^ Tregs cells that expressed PD-1, but induced a higher proportion of CTLA-4^+^ Tregs (*P* \< 0.01 vs. Sham and *P* \< 0.05 vs. naïve mice) ([Fig. 5](#fig05){ref-type="fig"}d).

![Phenotypic characterization of Tregs. Sensitized mice were EPIT- or Sham-treated for 8 weeks. At the end of treatment, spleen cells were harvested for flow cytometry analysis. (a and b) Cells were gated on CD4^+^ among the lymphocyte identified by FSC/SSC, the percentages of CD25^+^Foxp3^+^ or CD25^+^IL10^+^ (a), and percentages of CD25^+^Foxp3^+^CD44hiCD62L^−^ or CD25^+^Foxp3^+^CD44loCD62L^+^ (b), and of CD25^+^Foxp3^+^CD304^+^ or CD25^+^Foxp3^+^CD304^−^ (c) were analysed. (d) Among the lymphocyte identified by FSC/SSC, cells were gated on CD4^+^CD25^+^Foxp3^+^, and the percentage of cells expressing CTLA-4 and PD-1 was analysed. Data are shown as means ± SEM of three independent experiments for each group of mice (*n* = 8 in each group). \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001](cea0044-0867-f5){#fig05}

After EPIT, peanut-specific IL-5 and IL-13 production by splenocytes decreased significantly (*P* \< 0.05 and *P* \< 0.001 vs. Sham, respectively) ([Fig. 6](#fig06){ref-type="fig"}a and b), whereas IL-10 and IFN-γ production did not vary significantly ([Fig. 6](#fig06){ref-type="fig"}c and d). No production of TGF-β was observed (data not shown). Anti-IL-10 antibodies did not inhibit the suppressive effect observed in EPIT ([Fig. 6](#fig06){ref-type="fig"}). This lack of effect of anti-IL-10 antibodies demonstrated that EPIT inhibition was not IL-10 dependent as the concentration used was able to block the inhibitory effect of Tr1 cells (data not shown). By contrast, the injection of anti-CTLA-4 antibodies during the restimulation of splenocytes completely restored the production of IL-5 and partially restored the production of IL-13 ([Fig. 6](#fig06){ref-type="fig"}). Both anti-IL-10 and anti-CTLA-4 antibodies slightly increased the cytokine production by unstimulated splenocytes, without difference between groups (data not shown). Consistent with a CTLA-4-dependent mechanism, the allergen-specific activation of cultured dendritic cells (i.e. CD86 expression) decreased with EPIT (*P* \< 0.05 vs. Sham) ([Fig. 6](#fig06){ref-type="fig"}e).

![Mechanism of allergen-specific suppression by EPIT. Sensitized mice were EPIT- or Sham-treated for 8 weeks. At the end of the treatment, spleen cells were harvested and stimulated with peanut in the presence or absence of anti-IL-10 or anti-CTLA-4 blocking antibodies for 72 h. IL-5 (a), IL-13 (b), IL-10 (c) and IFN-γ (d) in supernatant were measured using Bioplex. (e) Cells were collected after culture and stained with anti-CD11c and CD86 antibody for flow cytometry analysis. mfi: mean intensity of fluorescence. Data are shown as means ± SEM of two independent experiments for each group of mice (*n* = 8 in each group). \**P* \< 0.05, \*\*\**P* \< 0.001](cea0044-0867-f6){#fig06}

Long-term maintenance of EPIT-induced Tregs after the end of treatment
----------------------------------------------------------------------

To investigate the maintenance after the end of treatment of the suppressive capacity of Tregs induced by EPIT, CD4^+^CD25^+^ T cells were sorted from spleen cells of EPIT mice 8 weeks after the end of EPIT and then adoptively transferred intravenously to untreated peanut-sensitized mice. As previous experiments showed no effect of the transfer of CD4^+^CD25^+^ cells from Sham mice, and for ethical reasons, we focused on CD4^+^CD25^+^ cells of EPIT mice. The oesophageal inflammation after oral exposure to peanut and the allergen-specific response in receivers was compared with the response of non-transferred mice and of mice transferred with CD4^+^CD25^+^ T cells isolated just after the end of EPIT. As previously observed, the transfer of CD4^+^CD25^+^ T cells from EPIT-treated mice prevented the recruitment of eosinophils in the oesophagus after peanut oral exposure (*P* \< 0.001) ([Fig. 7](#fig07){ref-type="fig"}a). The transfer of CD4^+^CD25^+^ T cells from EPIT-treated mice also induced a low but significant increase in the proportion of spleen Tregs in recipient mice *P* \< 0.01 ([Fig. 7](#fig07){ref-type="fig"}b). This was accompanied by a significantly decreased peanut-specific production of Th2 cytokines (i.e. IL-5 and IL-13, *P* \< 0.01 and *P* \< 0.05, respectively) ([Fig. 7](#fig07){ref-type="fig"}c and d), a trend towards decreased production of IL-10 (*P* = 0.0813) ([Fig. 7](#fig07){ref-type="fig"}e) and no modification of IFN-γ production ([Fig. 7](#fig07){ref-type="fig"}f). Peanut-specific antibodies were not modified at the time of killing in transferred mice. This was probably due to the timing between cell transfer and killing of mice, too short to allow detectable changes in antibodies.

![Long-term maintenance of Tregs after discontinuation of EPIT. Mice were sensitized and transferred with CD4^+^CD25^+^ T cells isolated just after or 8 weeks after the end of EPIT and were compared with non-transferred sensitized mice. Mice were exposed to oral peanut for 10 days, and oesophagi were harvested. (a) Formalin-fixed, paraffin-embedded tissue sections were stained with haematoxylin--eosin--safranine, and measurement of eosinophils infiltration in oesophagus was realized by double-blind reading at a 40-high-powered field. Results are expressed as mean number of eosinophils per mm^2 ^± SEM for each group of mice. (b) Proportions of Tregs were analysed in the spleen of naïve mice (white bar), peanut-sensitized non-transferred mice, peanut-sensitized mice transferred with CD4^+^CD25^+^ T cells isolated just after the end of EPIT and peanut-sensitized mice transferred with CD4^+^CD25^+^ T cells isolated 8 weeks after the end of EPIT. (c--f) Splenocytes were stimulated with peanut for 72 h. Concentrations of IL-5 (c), IL-13 (d), IL-10 (e) and IFN-γ (f) were measured in supernatants using Bioplex. Data are shown as means ± SEM of three independent experiments for each group of mice (*n* = 8 in each group). \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001.](cea0044-0867-f7){#fig07}

The transfer of CD4^+^CD25^+^ T cells isolated 8 weeks after the end of EPIT prevented the infiltration of eosinophil in the oesophagus, as efficiently as cells isolated just after the end of treatment did (*P* \< 0.05 vs. non-transferred recipients) ([Fig. 7](#fig07){ref-type="fig"}a). It also increased the proportion of Tregs (*P* \< 0.01 vs. non-transferred recipients) ([Fig. 7](#fig07){ref-type="fig"}b). These CD4^+^CD25^+^ T cells significantly inhibited the peanut-specific production of the IL-5 and IL-13 Th2 cytokines (*P* \< 0.05) ([Fig. 7](#fig07){ref-type="fig"}c and d), showed a tendency towards inhibited production of IL-10 ([Fig. 7](#fig07){ref-type="fig"}e) and did not modify the production of IFN-γ ([Fig. 7](#fig07){ref-type="fig"}f). This demonstrates that EPIT-induced Tregs persisted after the end of treatment and kept their suppressive capacity.

CD4^+^CD25^+^ from EPIT mice increased host Tregs
-------------------------------------------------

The transfer of CD4^+^CD25^+^ T cells from EPIT-treated mice induced a low but significant increase in the proportion of Tregs in the spleen of recipient mice. To evaluate the origin of these increases in Tregs and to determine whether EPIT-induced Tregs could induce the increase in host Tregs, CD4^+^CD25^+^ cells were transferred into Foxp3-IRES-mRFP mice, in which host Tregs could be followed by the expression of mRFP.

Because reporter mice were on a C57BL/6 background, the efficacy of EPIT in C57BL/6 mice was confirmed by the decreased Th2 cytokine production of restimulated splenocytes of EPIT mice ([Fig. 8](#fig08){ref-type="fig"}a). Furthermore, the transfer of CD4^+^CD25^+^ T cells from EPIT-treated C57BL/6 mice induced a significant decrease in the peanut-induced production of Th2 cytokines (i.e. IL-5 and IL-13, *P* \< 0.05), which was as efficient as the EPIT treatment of WT mice ([Fig. 8](#fig08){ref-type="fig"}a). The proportion of CD4^+^CD25^+^mRFP^+^ cells in the spleen of mice that received CD4^+^CD25^+^ from EPIT WT mice increased significantly (*P* \< 0.01 vs. non-transferred mice) ([Fig. 8](#fig08){ref-type="fig"}b). As only host Tregs express mRFP, increased CD4^+^CD25^+^mRFP^+^ suggests that EPIT-induced Tregs could promote a *de novo* induction of Tregs.

![Transfer of EPIT-induced Tregs increase host Tregs. C57BL/6 mice were sensitized and treated by EPIT (*n* = 20). After 8 weeks of treatment, donor mice were killed, and the CD4^+^CD25^+^ T cells were sorted from spleen cells and transferred into peanut-sensitized non-treated Foxp3-IRES-mRFP mice (*n* = 8). Two weeks after transfer, the PPE-specific cytokine response of splenocytes and expression of mRFP were compared to that of non-transferred mice (*n* = 8). EPIT- or Sham-treated C57BL/6 mice as well as naïve mice were used as control of EPIT efficacy in C57BL/6 WT mice. (a) Splenocytes were stimulated with peanut for 72 h. IL-5 and IL-13 concentrations were measured in supernatants using Bioplex. (b) The proportions of CD4^+^CD25^+^mRFP^+^ Tregs were analysed in spleen of peanut-sensitized non-transferred Foxp3-IRES-mRFP mice and peanut-sensitized mice transferred with CD4^+^CD25^+^ T cells isolated from EPIT-treated C57BL/6 mice. Data are shown as means ± SEM for each group of mice (*n* = 8 in each group). \**P* \< 0.05, \*\**P* \< 0.01.](cea0044-0867-f8){#fig08}

Discussion
==========

Even if the role of Tregs in the allergic process remains unclear, clinical and experimental studies showed that they are generated during sublingual and subcutaneous specific immunotherapy (for review see [@b16]). More recently, it was shown that Tregs are also induced by EPIT [@b9], in the spleen and mucosa of mice exposed to allergens [@b10],[@b11]. The present study clarifies the role of Tregs during EPIT and confirms their direct mediation in the desensitization of peanut-sensitized mice, and their protection from the digestive injuries induced by subsequent oral exposure to peanut. Moreover, EPIT induced a particular subset of Tregs that maintain a suppressive capacity for a long period of time following the end of treatment.

The role of Tregs in food allergy is still under investigation. Several studies suggest that the number or function of Tregs is impaired in allergic patients. Smith et al. showed a lower inhibitory capacity of Tregs in neonates who further developed an allergic disease [@b21]. Accordingly, children who outgrew their allergy and became tolerant showed a higher proportion of Tregs and a decreased allergen-specific proliferation than children who did not [@b22],[@b23]. Higher frequencies of allergen-specific Tregs have been associated with a phenotype of mild clinical disease and favourable prognosis [@b24], and children with food allergy had a lower expression of Foxp3 and IL-10 than healthy children [@b22]. Although Sicherer et al. [@b25] did not see any difference of Foxp3 or IL-10 expression between allergic and non-allergic children, Savilahti et al. [@b26] observed a higher expression of Foxp3 in children with persisting milk allergy. In animal models, the depletion of CD4^+^CD25^+^ T cells during allergic sensitization to peanut increases peanut-induced cytokine production, peanut-sIgE levels and response to challenge, even though it did apparently not affect mast cell responsiveness [@b27]. In a model of cow\'s milk allergy in mice, Kanjaraw et al. also observed that the depletion of CD25^+^ cells before immunization enhanced BLG-specific CD4^+^ T cells and blood sIgE levels, which caused more severe symptoms upon BLG challenge [@b28]. In our model, no difference was observed between naïve and sensitized mice in the frequency of Tregs. Moreover, the injection of anti-CD25 antibodies in Sham mice did not modify the different allergen-specific responses, and the transfer of cells isolated from Sham mice showed no effect on allergic responses. Tregs could thus have a role in controlling the allergic immune response during its initiation, whereas depletion of Tregs would be useless once sensitization is achieved. One limitation could be the putative depletion of activated T cells by anti-CD25 antibodies. However, the allergen-specific response in the Sham + anti-CD25 mice was not different from that observed in the Sham group, which indicates that the depletion of activated T cells is quite low in our model.

The role of Tregs in allergic diseases has been mostly suggested in immunotherapy studies. Clinical trials and experimental models showed that the frequency of IL-10^+^ regulatory T cells increases following specific immunotherapy [@b4],[@b14],[@b15]. The proportion of Tregs, either Foxp3^+^ or CD25^high^ cells, has also been investigated during venom immunotherapy [@b29],[@b30]. In peanut allergy, oral immunotherapy increased peanut-specific Foxp3 T cells during the 12 months following treatment, but the cells decreased to the pre-treatment level thereafter [@b31]. On the contrary, Mori et al. did not see any modification of CD4^+^CD25^+^Foxp3^+^ cells during milk oral immunotherapy, questioning their role in this treatment [@b32]. In our model, it has been demonstrated that EPIT increases both spleen and mucosal Foxp3^+^ cells [@b10],[@b11]. This difference could be due to the treatment route because some SCIT and SLIT studies did not evidence any increase in CD4^+^CD25^+^ Tregs [@b15],[@b33],[@b34]. However, these studies differed in the methodology and markers used to define Tregs, underscoring difficulties to distinguish allergen-specific Tregs. The important role played by the EPIT-induced Tregs in our model is underlined by the ability of anti-CD25 antibody injection during EPIT to completely inhibit the induction of Tregs, as well as the inhibitory action of EPIT on sIgE, Th2-responses and peanut-induced oesophagus injuries. But this did not allow to directly conclude that the effect of EPIT solely resides in CD4^+^CD25^+^ T cells. As a consequence, CD4^+^CD25^+^ T cells from EPIT mice were adoptively transferred to peanut-sensitized mice before peanut oral exposure. This experiment showed that the suppressive activity of CD4^+^CD25^+^ T cells suffices to prevent the reaction to a subsequent oral allergen exposure. CD4^+^CD25^+^ T cells transferred from Sham mice had no effect on peanut-induced oesophagus injuries. This is consistent with the absence of any baseline regulatory capacity of CD4^+^CD25^+^ T cells, which need a prior induction by peanut EPIT. These results clearly demonstrate that the desensitization induced by EPIT resides in Tregs.

Whereas the above-mentioned nTregs develop during the normal process of T cell maturation in the thymus, iTregs develop in periphery, from mature T cells, under particular stimulatory conditions. Neuropilin 1 (CD304) has recently been proposed as a surface marker expressed by nTregs but not iTregs. In our study, we showed that EPIT induced both CD304^+^ nTregs and CD304^−^ iTregs. Different subsets of iTregs have been described; the three most relevant classes being the IL-10-producing Tr1 cells, the TGF-β-producing Th3 cells and the CD4^+^CD25^+^ Tregs. Depending on the tissue, origin and stimulatory condition, the different subsets differ in their cytokine production and surface markers expression, and on how they can suppress immune responses. The suppressive capacity of Tr1 cells is IL-10 dependent, whereas CD4^+^CD25^+^ Tregs mediate suppression by cell--cell contact [@b35]. Specific immunotherapy induces IL-10 and TGF-β production and increases the frequency of IL-10^+^ regulatory cells [@b4],[@b14],[@b15]. Our model did not exhibit any increase in CD4^+^CD25^+^IL10^+^ cells or allergen-specific production of IL-10. Moreover, anti-IL-10 blocking antibodies did not reverse the inhibition of Th2 cytokine production, which clearly suggests that the suppressive activity of EPIT-induced Tregs does not depend on IL-10. Despite a decrease in allergen-specific responses and protection from inflammation induced by allergen exposure, EPIT did not induce allergen-specific IL-10 or TGF-β production by restimulated splenocytes and did not increase IL-10 levels in broncho-alveolar lavage of aerosol-challenged mice or in the oesophagus of sensitized mice orally exposed to peanut [@b11],[@b12]. Studies on patients allergic to birch pollen also demonstrated that allergen-specific Tregs do not require IL-10 to suppress the *in vitro* proliferation of effector T cells [@b33],[@b36]. By contrast, other teams observed that the suppressive activity of SIT-induced Tregs (by SLIT or peptide immunotherapy) was blocked by anti-IL-10 antibodies [@b15],[@b34]. As above suggested, different immunotherapy routes may induce different Tregs. EPIT increased peripheral Foxp3^+^CD4^+^ T cells and mucosal expression of Foxp3, associated with a decrease in allergen-specific cytokine production [@b10],[@b11]. This Foxp3^+^ Tregs-dominant process in EPIT contrasts with the Tr-1 cell-dependent mechanism of SLIT [@b4],[@b37]. Indeed, EPIT induced Tregs, which suppressive activity is partly mediated by CTLA-4, probably by cell--cell contact. CTLA-4 has been shown to act in the regulation of hypersensitivity responses to food allergens, especially peanut proteins [@b38]. The induction of CTLA-4^+^ Tregs suggests that EPIT is a promising treatment for food allergies.

The protection mediated by EPIT-induced Tregs following their transfer to peanut-sensitized mice was associated with an increase in peripheral levels of Foxp3, which suggests that transferred cells proliferated by themselves and/or induced host Tregs. The transfer of EPIT-induced Tregs in Foxp3-IRES-mRFP mice induced an increase in mRFP-expressing cells, implying an induction of host Tregs. Activated Tregs can facilitate Tregs differentiation and block Th2 activation, independently of antigen specificity [@b39]. We also observed a significant increase of Foxp3 in the oesophagus of transferred mice. This suggests that Tregs (transferred or host-induced) are able to migrate to the site of allergen exposure, to induce protection from eosinophil recruitment and Th2-induced inflammation and to induce local Tregs in response to allergen stimulation. EPIT actually proved to be beneficial on the different routes of allergen administration: bronchial hyperresponsiveness [@b12], eosinophils recruitment in skin [@b10] and on peanut-induced gut inflammation (in this study and [@b11]). Foxp3^+^ Tregs constitute a large part of the CD4^+^ T cells population in the normal skin in humans and mice [@b40],[@b41]. Effector/memory Foxp3^+^ Tregs were shown to migrate from the skin towards draining lymph nodes in steady state as well as during inflammation and can return to skin upon antigen exposure [@b42]. Therefore, we can postulate that EPIT induces Tregs, in skin or in draining lymph nodes after Langerhans cell migration, that these Tregs are able to recirculate, as shown by increased splenic Treg levels and that they are able to migrate to different tissues in response to allergen exposure. This suggests induction of a global tolerance rather than a local desensitization.

The aim of allergen immunotherapy is the induction of an immune tolerance that persists for years after treatment discontinuation. In this context, our study clearly showed that EPIT-induced Tregs retained their suppressive capacity for a long period of time following the end of treatment, thereby suggesting that EPIT can induce long-term tolerance, at least in our model. This differs from SCIT as well as SLIT, which induced a transient increase in Tr-1 followed by immune deviation towards Th1 response [@b4],[@b14],[@b15]. During EPIT, sensitized mice presented a general decrease in allergen-specific responses associated with increased Foxp3^+^ Tregs. These Foxp3^+^ Tregs were of both the naïve and effector phenotypes. Whereas the naïve Tregs subset has been reported to preferentially proliferate *in vitro*, effector Tregs display higher suppressive activity *in vivo*, but they are prone to die and expand poorly *in vitro* [@b43],[@b44]. The induction of naïve Tregs by EPIT could participate in the long-term maintenance. The ability of EPIT-induced Tregs to promote *de novo* Tregs when transferred into host suggests that they could maintain the pool of Tregs in EPIT-treated mice even after the end of treatment. Moreover, EPIT induced both CD304^−^ iTregs and CD304^+^ nTregs, suggesting that the mucosal induction of iTregs could also induce production or proliferation of nTregs, which then can participate to long-term maintenance of tolerance. The difference in Tregs induced by EPIT or SLIT implies different mechanisms of desensitization, which could both lead to long-term tolerance either by immune deviation for SLIT or by long-term maintenance of Tregs for EPIT. However, further studies, especially in humans, are needed to clearly conclude to a long-term effect of EPIT.

In summary, the induction of Tregs during allergen-specific immunotherapy seems to be central in the induction of long-term tolerance. The protection induced by EPIT was clearly Tregs dependent and transferable to other animals. EPIT modulates the allergen-specific T cell response via a mechanism that seems to differ from other specific immunotherapy routes, inducing strong Tregs, thus supporting a promising treatment for food allergies.

The authors would like to thank the staff of the animal facility of Paris XI University, School of pharmacy, for the animal care. The authors acknowledge Muriel Andrieu and Karine Labroquere of the Cochin Immunobiology Facility, and Maryline Favier and Corinne Lesaffre of the Cochin Histology Facility.

Conflict of interest
====================

This study was supported by DBV Technologies, the developer and owner of Viaskins. Vincent Dioszeghy, Lucie Mondoulet, Veronique Dhelft, Melanie Ligouis, Emilie Puteaux are DBV Technologies employees. Pierre-Henri Benhamou is the Chief Executive Officer of DBV-technologies. Christophe Dupont received honoraria and/or compensation with regard to the study, as investigators, co-ordinators or experts, in relation with the time spent on the study.
